Abstract. In the first stage, the palladium nanoparticles (PdNps)-coated graphite electrode (PdNp/GE) has been prepared. Scanning electron microscopy (SEM) technique showed that the palladium nanoparticles were uniformly distributed with an average particle diameter of 60-75 nm. And then, a novel-modified electrode has been developed by the physical deposition of Al 3+ ions on palladium nanoparticles (PdNps)-coated graphite electrode (Al 3+ /PdNp/GE). This modified electrode was characterized by square-wave voltammetry (SWV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The sensitivities of PdNp/GE and Al 3+ /PdNp/GE electrodes were tested with dopamine. Al 3+ /PdNp/GE exhibited a catalytic activity for curcumin oxidation. The square-wave voltammogram of curcumin in phosphate buffer (pH = 2) gave an anodic peak at 0.56 V. The anodic peak current of curcumin was found to be linearly related to its concentration in the range of 3.0 × 10 -8 M to 6.0 × 10 -7 M with a detection limit of 2.2  10 -8 M. It was also found that the novel Al 3+ /PdNp/GE electrode had the best sensitivity when compared to glassy carbon electrode (GCE), hanging mercury drop electrode (HMDE) and glassy carbon electrode electropolymerized with acid chrome blue K (poly-ACBK/GCE), used for the determination of curcumin. The curcumin was detected in marketed spices sample of turmeric powder. Pure turmeric powder had the highest curcumin concentration, averaging 4.317 ± 0.175 % by weight.
INTRODUCTION
Graphite is one of the solid electrodes used in various electroanalytical studies. [1] [2] [3] [4] [5] Its attractive features include access to wide cathodic and anodic potential ranges, low electrical resistance and residual currents, and a reproducible surface structure that can be easily cleaned. 5 The graphite electrodes have been also used as biological sensors in various studies. 1, 5 However, the nanoparticle-modified electrodes often display unusual physical and catalytic properties, finding huge applicability in the fields of biosensors, medicine, pharmacy and electrocatalysis. [5] [6] [7] The nanomaterials exhibit a high surface-to-volume ratio and a high stability, they are widely available, and they provide fast electron transfer rates. 8 Therefore, the modification of the graphite electrodes with various nanostructures is an important research field. 5, [9] [10] [11] [12] [13] The noble metal nanoparticles were found as ideal supporting materials for the electrocatalytic activities because; they have their own fascinating surface structure, good electrical and mechanical properties, strong stability and limited aggregation and high performance.
14 Palladium nanoparticles (PdNps) are part of the platinum group of metals, which possess their own special properties for the electrode modification process. 14 Pd nanoparticles modified electrodes have been utilized for the electrocatalytic oxidation process of some compounds. [15] [16] [17] [18] [19] Curcumin (1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-3,5-dione) is the main constituent of the perennial herb Curcuma loga (known as turmeric, see Scheme 1). 20 It has a wide spectrum of pharmacological activities, including antioxidant, 21 anti-inflammatory, 22 antitumor, 23 and anticardiovasculopathic properties.
Curcumin can chelate various metal ions and form metal-curcumin complexes. 20 The metal binding is mediated through its beta-diketone group. 20, 25 It is well known that Al 3+ and Pd 2+ ions bind to curcumin via the oxygen atoms of the β-diketone group. 26, 27 In this paper, we present a novel modified graphite electrode by means of the physical deposition of Al 3+ ions on the graphite electrode with palladium nanoparticles (Al 3+ /PdNp/GE), its characterization and usage in the determination of curcumin.
EXPERIMENTAL

Reagents
All compounds were of analytical reagent grade. Curcumin (purity of 98 %), PdCl2 (purity of 99 %), and dopamine hydrochloride (purity of 98 %) were purchased from Sigma-Aldrich. AlCl3
. 6H2O was purchased from Sigma-Aldrich. 0.1 M phosphate buffer solution (abbreviated as PBS) of pH = 2 and 0.1 M KCl solution were used as the supporting electrolyte in the electrochemical experiments, and triple distilled and deionized water was used to prepare the stock solutions.
Apparatus
For voltammetric and empedimetric measurements, PAR 507 model microcell containing three-electrode system (pencil graphite-working electrode, platinum counter electrode, and Ag/AgCl/saturated KCl reference electrode) along with PAR VersaSTAT 3 potentiostat, including Versastudio and Zsimpwin softwares was used. Pencil graphite electrodes were Tombo leads with a diameter of 0.5 mm, and they were attached to a holder. Electrical contact with the pencil graphite electrode was obtained by soldering a copper wire to the metallic part of the holder. Characterization of electrode surface was carried out using Quanta 400F FE-scanning electron microscopy (SEM).
Procedure
First of all, the utilization of Al
3+
/PdNp/GE was tested by dopamine probe according to other electrodes (bare pencil GE and PdNp/GE).
For the determination of curcumin in PBS of pH = 2, the specified parameters for the SWV experiments were the following: Ei, 0.0 V; Ef, 0.85 V; scan rate, 10 mV/s; pulse width, 25 ms; pulse period, 200 ms; and pulse amplitude, 10 mV. The electrochemical cell contained a PdNp/GE or Al 3+ /PdNp/GE as a working electrode, a Pt wire counter electrode, and Ag/AgCl (3 M KCl) reference electrode.
Modified Electrode Preparations
Firstly, graphite electrode (GE) was modified with palladium nanoparticles by cycling potential between -0.5 and +1.0 V for ten cycles at 50 mV/s in 0.1 M PBS (pH = 7) containing 1×10 −3 M PdCl2. Finally, the resulting PdNp/GE electrode was cleaned by several rinsing with triple distilled water. SEM micrographs of GE and PdNp/GE electrodes are given in Figure 1 . Figure 1b showed that the palladium nanoparticles were uniform distributed with an average particle diameter of 60-75 nm.
Secondly, physical deposition of aluminum ions on PdNp/GE electrode was carried out by immersing of the electrode to B-R buffer solution (pH = 4), including 
1×10
-3 M AlCl3, for 600 s. As shown in Figure 2 , the modified electrodes were obtained by a two-step strategy.
RESULTS AND DISCUSSION
Characterization of the Al 3+ /PdNp/GE Modified Electrode
First of all, the palladium nanoparticles were electrodeposited onto GE. SEM and voltammetric techniques (SWV and CV) were used to the investigation of deposition of palladium nanoparticles on GE Figure 5 , at Al 3+ /PdNp/GE compared with GE and PdNp/GE, not only the anodic peak current of dopamine is higher, but also its anodic peak potential is at less positive potential. The Al 3+ ions have important influence on the peak current and peak potential of dopamine. The increased current as well as the negative shift of the anodic peak demonstrated an efficient catalytic oxidation of dopamine on the Al 3+ /PdNp/GE, as in other similar studies. 29, 30 This result also clearly showed that the catalytic performance of Al 3+ /PdNp/GE was better than that of PdNp/GE for oxidation of dopamine.
The cyclic voltammograms of dopamine exhibited a reversible peak couple at different scan rates at Al 3+ /PdNp/GE ( Figure 6 ). The plots of anodic peak current of dopamine vs. scan rate for GE, PdNp/GE and Al 3+ /PdNp/GE were given in Figure 7 . The anodic peak currents linearly increased by increasing scan rates ( Figure 7 ). This result verified that the electrode processes of dopamine have the adsorption characteristics. However, the slope value for Al 3+ /PdNp/GE was higher than the values of GE and PdNp/GE.
The EIS was used to follow the impedance changes of the electrode surface in the modification process. Figure 8 shows the EIS plots for GE, PdNp/GE and Al Table 1 . The Nyquist plots of the bare GE, PdNp/GE and Al 3+ /PdNp/GE are seen in Figure 8b . It is known that the Nyquist plot of EIS is composed of a semicircle portion and a linear portion, with the former at higher frequencies corresponding to the electron transfer limited process and the latter at lower frequencies related to the diffusion process. 31, 32 The diameter of the semicircle equals to the surface charge transfer resistance (Rct), 32, 33 and Rct value depends on the dielectric and insulating properties of the electrode/electrolyte solution interface. [33] [34] [35] The Rct values of GE, PdNp/GE and Al 3+ /PdNp/ GE were found to be 15198.5, 8109.6 and 5333.0 Ω, respectively ( Table 1 ). As shown in Table 1 , the charge transfer resistances (Rct) were decreased upon the stepwise formation of the modified electrodes. The significant decreases in the Rct values showed that PdNps and especially Al 3+ ions played an important role in accelerating the transfer of the electrons.
The solution resistance, Rs, represents the bulk properties of the electrolyte solution. Rs values showed also changes in the turn of GE > PdNp/GE > Al 3+ /PdNp/GE due to the probable penetration of Al 3+ ions adsorbed through PdNps and increase in surface geometric area. 36 The highest Cdl value of Al 3+ /PdNp/GE showed noticeable increase in values of electron transfer rate constant compared with GE and PdNp/GE (Table 1) . This result also indicated that the electron transfer process on the Al 3+ /PdNp/GE is easier and faster than those on the PdNp/GE and GE.
The equivalent models of the circuit, evaluated by employing the ZsimpWin software from Princeton Applied Research, were given in Figure 9 . /PdNp/GE was much better than that of PdNp/GE. It was also observed that the Al 3+ ions can effectively enhance the electrocatalysis effect of palladium nanoparticles.
Electrochemical Behavior of
Cyclic voltammogram of curcumin in PBS of pH = 2 on the Al 3+ /PdNp/GE surface exhibits an anodic peak (0.56 V) and two cathodic peaks at 0.50 and 0.30 V, respectively ( Figure 11 ). The similar results were obtained by Manaia et al. 37 at a glassy carbon electrode. The peak at 0.56 V related to the oxidation process of curcumin. However the peaks at 0.50 and 0.30 V can be attributed to the reduction of the different oxidation products of curcumin. 37 According to the literature, 37 the redox reactions for the voltammetric signals of curcumin may be given in Scheme 2.
The effect of the scan rate (v, 25-1000 mV/s) on Ipa and Ipc values of reversible peak at 0.56 V was studied by CV (Figure 11 ). CV is a very useful electrochemical technique for determining the characteristics of electrode processes. The currents of anodic and cathodic peaks are proportional to v (Figure 11 ). According to the above results, the electrode process of curcumin on Al 3+ /PdNp/GE is adsorption-controlled. /PdNp/GE) were calculated as 5.04 (for 5 repetitive measurements on the same electrode) and 6.90 (for 5 independent electrodes), respectively.
The reversible oxidation peak of curcumin at pH = 2 was changed linearly corresponding to its concentration ( Figure 12 ). The calibration plot of curcumin (Figure 12B ) was linearly related to the concentration (C) over the range of 3.0× 10 -8 to 6.0× 10 -7 M with the regression equation of Equation (1):
Ipa/μA = (3.04±0.02)×10
8 C / M + 34.70± 2.05 (1) and the coefficient of determination, R 2 , was 0.996. Limit of detection (LOD) and limit of quantification (LOQ) were found to be 2.2×10 -8 M and 6.7×10 -8 M, respectively. The determination parameters of curcumin for this assay were compared with those of other studies, [38] [39] [40] and the results were presented in Table 2 . As can be seen from Table 2 , the novel developed Al 3+ /PdNp/GE can provide an assay with appropriate concentration range and lower LOD. The determination of curcumin in turmeric was performed using Al 3+ / PdNp/GE. The curcumin content of marketed spices sample of turmeric powder was found to be averaging 4.317 ± 0.175 % by weight.
CONCLUSIONS
This work reported the preparation and application of a new nanocomposite electrode Al 3+ /PdNp/GE. The electrochemical activities of this electrode have been studied using SWV, CV and EIS techniques. The EIS data This paper of the modification process indicated that Al 3+ and PdNps have been successfully immobilized at the GE surface. Also, the electronic properties of GE showed great difference after the modification with Al 3+ ions and PdNps. Based on the EIS and voltammetric studies, we conclude that the Al 3+ /PdNp/GE exhibited a good electrocatalytic activity for curcumin oxidation at pH = 2. The prepared Al 
